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which is thought to be a ligand for
Fat. The cell that is closer to the
equator has higher levels of Fat
activity and adopts the R3 cell fate.
Based on the phenotype of
dachsous mutants, it is likely that
a ligand other than Dachsous is
important for the ability of Fat to
activate Warts and inhibit Yorkie
function. Different effector
pathways downstream of Fat
appear to function in growth
regulation and planar cell polarity
[14]. For instance, while Fat
regulates non-canonical Frizzled
signaling during PCP
determination, Frizzled has no
obvious function in growth control.
It is conceivable that the interaction
of Fat with different ligands
somehow selectively activates
different downstream pathways.
What can the role of Fat in PCP
tell us about its function in
regulating imaginal disc growth? In
establishing planar cell polarity,
cells determine their direction of
polarization after comparing the
levels of some parameter (e.g.
Frizzled activity) with their
immediate neighbors [17]. A similar
mechanism can be invoked to
explain the regulation of organ size
[18,19]. When a morphogen (e.g.
Dpp) is produced at one boundary
of a compartment and drops to
a level close to zero at the opposite
boundary, the gradient of
morphogen concentration is
initially very steep. As growth
occurs, the same drop in
morphogen concentration occurs
over a distance of many more cell
diameters resulting in a decrease in
the slope of the gradient. The
cessation of organ growth could
occur when the slope of the
gradient falls below a critical level.
One way that the slope of
a gradient could be read by
individual cells is that they could
compare themselves with their
neighbors in terms of a parameter
whose absolute levels are
determined by the local
concentration of the morphogen
(e.g. a gene whose expression is
responsive to morphogen
concentrations). A role for Fat in
both PCP and growth regulation
could imply that Fat is an integral
component of a sharedmechanism
that enables cells to compare
themselves with their neighbors.
Therefore linking Fat to the Hippo
pathway could potentially
represent an important advance in
understanding how long-range
signals regulate the size of
individual organs during
development.
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R1039Left–Right Asymmetry: Making the
Right Decision Early
A left–right asymmetry in neuronal function is specified surprisingly early
during embryogenesis in Caenorhabditis elegans. Do early cues
influence left–right asymmetries in other animals? How are early cues
remembered until late in development?Bruce Bowerman
The bodies of most animals exhibit
extensive left–right symmetry.
However, there are numerous
exceptions [1], and these left–right
asymmetries capture ourattention. When and how during
development are they specified?
What are their functions? In
a recent issue of Current Biology,
Poole and Hobert [2] describe an
informative analysis of a case of
left–right asymmetry, or laterality,
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Figure 1. Left–right symmetry and asymmetry of neuronal cell fates in C. elegans.
The left panel shows the cell lineages for two pairs of C. elegans neurons that are left–right symmetric in position and morphology:
ASEL/ASER and AWCL/AWCR. While AWCL and AWCR are produced by left–right symmetric cell lineages, ASEL and ASER are not.
The right panel shows ASEL and ASER in a schematic of the head of a hatched C. elegans larva, on either side of the pharynx. While
these two neurons are symmetric in position and morphology, they have distinct functions in taste reception. They differ in terms of
chemoreceptor and regulatory gene expression. Figure courtesy of Richard Poole and Oliver Hobert.in the brain of the nematode
Caenorhabditis elegans.
C. elegans has a simple nervous
system, with an invariant cell
lineage and anatomy [3,4]. 302 of
the 959 somatic cells that form an
adult hermaphrodite are neurons,
and as in other animal nervous
systems, these neurons exhibit
extensive left–right symmetry. 198
of the 302 neurons exhibit left–right
symmetry with regard to cell
position, axon anatomy and
synaptic connectivity. 63 of
these 99 neuron pairs are
produced by left–right symmetric
cell lineages, the remaining 36
pairs by asymmetric lineages
(Figure 1).
Intriguingly, some neuron pairs
are left–right symmetric in
position and morphology, but
nevertheless exhibit clear
asymmetries in gene expression
and neuronal function [1]. One
such pair are ASEL and ASER
(Figure 1), taste neurons that
detect water-soluble chemicals
during chemotaxis of the worm
[5,6]. While these neurons appear
left–right symmetric, laserablation and genetic studies have
shown that each neuron has
a distinct role: ASEL senses
sodium ions, while ASER
monitors chloride ions [7]. As
a result of this functional
asymmetry, C. elegans can
adapt to one ion while remaining
sensitive to the other, thus
improving the worm’s ability to
discriminate among environmental
cues.
Poole and Hobert [2] considered
two general models for how
ASEL and ASER fate might be
specified. Given their asymmetric
cell lineages, and the late
expression of their different fates,
one might suppose that a late
signal, from neighboring cells on
one side of the embryo,
accounts for their different
fates. Indeed, such an
asymmetric signal specifies
left–right differences during
embryonic intestinal development
[8,9]. Alternatively, distinct
blastomere identities, specified
by the 12-cell stage of
embryogenesis [10], might
already include distinct ASEL andASER fates. Poole and Hobert [2]
refer to these alternatives as late
and early models, respectively.
Their results clearly indicate
that the ASEL/R fates are
specified remarkably early in
development.
In terms of cell lineage, the
origins of ASEL and ASER are
consistent with an early
specification of their different fates.
The first mitotic division of a
one-cell C. elegans zygote is
asymmetric, producing a smaller
posterior daughter called P1 and
a larger anterior daughter called
AB. Almost all C. elegans
neurons — including ASEL and
ASER — are produced by AB. One
AB daughter, ABa, produces
ASEL, while the other, ABp,
produces ASER (Figure 1). After
ABa and ABp are born, two
consecutive Delta–Notch signals
specify distinct identities for the
eight AB descendants in a 12-cell
stage embryo (Figure 2) [10].
First, the P1 daughter P2
expresses a Delta-related ligand,
called APX-1, at the 4-cell stage.
This signal acts through the Notch
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R1041receptor GLP-1 to distinguish ABp
from ABa fate. A second Delta
signal, emanating at roughly the
12-cell stage from a P1
granddaughter cell called MS, also
acts through GLP-1/Notch.
However, this later signal specifies
the identities of two ABa
granddaughters that contact MS.
These patterns of cell contact — P2
with ABp, and MS with two ABa
granddaughters — result from
a stereotyped sequence of mitotic
spindle orientations during early
development, including a slight
anterior–posterior skewing of the
largely left–right division axes of
ABa and ABp [11]. Thus, by the
12-cell stage of embryogenesis,
oriented cell divisions and
a sequence of short-range signals
specify distinct AB-derived
blastomere identities. ASEL
is produced by the
ABa-granddaughter ABalp, while
ASER is produced by the
ABp-granddaughter ABpra.
Poole and Hobert [2] used
a combination of laser ablation
experiments and mutant embryo
studies to show that the first
Delta signal from P2, which
distinguishes ABp from ABa fate,
specifies the different fates of
ASEL and ASER. For example, if
the early Delta signal from P2, or
its reception by ABp, is inactivated,
both ABa and ABp give rise to
ABalp-like granddaughters, thus
producing extra ASEL neurons.
Furthermore, the loss of ABpra
identity results in no ASER
neurons being produced. No other
events, in early or late stage
embryos, were found to be
required for this asymmetry in
neuronal fate. Intriguingly, Poole
andHobert [2] show in addition that
par-2 mutant embryos, which fail
to properly specify the anterior–
posterior body axis at the one-cell
stage, also fail to specify ASER,
but not ASEL cell fate. This finding
suggests that anterior–posterior
axis specification influences this
left–right asymmetry, through
Notch signaling from P2.
The results of Poole and Hobert
[2] provide an example of an early
cue influencing cell fates that are
not adopted until much later in
development. The authors refer to
‘‘marks’’ that are ‘‘remembered’’
throughout the cell lineages thatABa
ABp
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Figure 2. Two Delta–Notch
signals distinguish the iden-
tities of AB descendants in
early C. elegans embryos.
At the 4-cell stage (left),
a Delta signal from P2 distin-
guishes ABp from ABa fate.
At about the 12-cell stage
(right), a second Delta signal
from MS specifies ABalp
and ABara fate. These two
Delta signals act through the Notch receptor GLP-1, present on the surfaces of both
ABa and ABp and their descendants [6,17]. These two signals are partly responsible
for distinguishing the different fates of the eight AB descendants present in a 12-cell
stage embryo. Figure courtesy of Richard Poole and Oliver Hobert.produce ASEL and ASER. They
discuss two models to account
for such memory. First,
a temporal and spatial cascade
of transcriptional regulation might
ultimately activate largely identical
but distinct cell fate programs in
ASEL and ASER. Indeed,
candidates for steps in such
a putative transcriptional cascade
are known. The Delta–Notch signal
that initially specifies ABp fate
represses the expression of two
closely related T-Box transcription
factors called TBX-37/38 [12].
Much later, several additional
regulators, including transcription
factors and microRNAs, are
required to distinguish ASEL and
ASER fate [13–16]. As an alternative
model, the authors point out
that epigenetic chromatin
modifications might occur early in
development, perhaps in response
to the early Notch signal and T-box
repression. Such epigenetic marks
might be interpreted much later
by regulatory factors that ultimately
distinguish ASEL and ASER
fate.
It will be interesting to learn more
about this memory of an early cell
fate cue. How does it relate to
blastomere identity? Are all cell
fates of the ABa and ABp
granddaughters remembered in
a similar fashion? What are these
memory marks, and how many of
them are there? And ultimately, will
cell lineage memory and
blastomere identity in C. elegans
prove relevant to understanding
left–right development in other
animal phyla?
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